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The structure of a calmodulin mutant with a deletion in the central
helix: implications for molecular recognition and protein binding 
Lydia Tabernero1†, Denise A Taylor2‡, Ronald J Chandross3§, Mark FA
VanBerkum4#, Anthony R Means4¶, Florante A Quiocho2 and John S Sack1*
Background: Calmodulin (CaM) is the major calcium-dependent regulator of a
large variety of important intracellular processes in eukaryotes. The structure of
CaM consists of two globular calcium-binding domains joined by a central
28-residue a helix. This linker helix has been hypothesized to act as a flexible
tether and is crucial for the binding and activation of numerous target proteins.
Although the way in which alterations of the central helix modulate the
molecular recognition mechanism is not known exactly, the relative orientation
of the globular domains seems to be of great importance. The structural
analysis of central helix mutants may contribute to a better understanding of
how changes in the conformation of CaM effect its function.
Results: We have determined the crystal structure of a calcium-saturated
mutant of chicken CaM (mut-2) that lacks two residues in the central helix,
Thr79 and Asp80, at 1.8 Å resolution. The mutated shorter central helix is
straight, relative to that of the wild-type structure. The loss of a partial turn of the
central a helix causes the C-terminal domain to rotate 220° around the helix
axis, with respect to the N-terminal domain. This rotation places the two
domains on the same side of the central helix, in a cis orientation, rather than in
the trans orientation found in wild-type structures.
Conclusions: The deletion of two residues in the central helix of CaM does not
distort or cause a bending of the linker a helix. The main consequence of the
mutation is a change in the relative orientation of the two globular calcium-
binding domains, causing the hydrophobic patches in these domains to be
closer and much less accessible to interact with the target enzymes. This may
explain why this mutant of CaM shows a marked decrease in its ability to
activate some enzymes while the mutation has little or no effect on its ability to
activate others.
Introduction
Calmodulin (CaM) is a small acidic protein (148 residues;
16700Da) comprising two globular calcium-binding
domains with a total of  four calcium-binding sites. The
protein is ubiquitous among eukaryotes and is highly con-
served throughout the animal kingdom. CaM is the princi-
pal intermediate in many calcium-dependent intracellular
processes in eukaryotes. Calcium-activated CaM interacts
with and changes the conformation and reactivity of at
least 50 different target enzymes and structural proteins.
The complex activation mechanism of target enzymes by
CaM apparently involves changes both in the target
enzyme and CaM structures (for recent examples see
[1–3]). Many enzyme activation studies have raised the
question as to whether specific interactions between
CaM and the target enzyme or the relative orientation of
the two globular domains of CaM are the major role
players in complex formation and enzyme activation
[4–6]. Numerous mutagenesis studies have provided
important clues to the mechanism of activation. For
example, some acidic clusters located at the CaM surface
have been implicated in the activation of myosin light
chain kinase (MLCK), and NAD kinase II (NADK)
[7, 8]. However, the activation of cyclic GMP-phosphodi-
esterase (PDE), and calcineurin appears to be quite
insensitive to mutations in these regions. On the other
hand, two hydrophobic patches that become organized
upon calcium binding to CaM have been found to be
important for the activation of other enzymes (e.g. PDE
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and gizzard MLCK), as inferred from competition
studies with lipids [9, 10].
The first three-dimensional structure of a calcium-acti-
vated calmodulin (Ca2+–CaM) [11] revealed the existence
of a long central helix connecting the two globular
domains. This helix is exposed to the solvent and much
discussion has ensued concerning its conformation and
flexibility in solution, and its role in the activation of
target enzymes by CaM [6]. 
Several crystal structures of native Ca2+–CaM are now
available [11–16]. All of these structures show the central
helix in an elongated conformation, but careful examina-
tion suggests some instability or increased mobility for
this helix. In the refined 2.2Å resolution structure of the
bovine brain Ca2+–CaM [12], the central helix is some-
what ‘unwound’ between residues 79 and 81, with signifi-
cant deviations from ideal a-helical geometry. In bovine
CaM the standard i → (i+4) a-helical hydrogen-bonding
pattern is either distorted or missing, and some residues
show very high temperature factors. The 1.7Å structure
of a recombinant form of mammalian Ca2+–CaM [13]
shows a more regular linker helix, but the temperature
factors for this region are still high. The structure of
Ca2+–CaM from Drosophila melanogaster [14] shows the
central helix to be kinked at both residues 79 and 84. A
regular, almost straight a helix has been reported in the
1.68 Å resolution structure of Paramecium tetraurelia
calmodulin [15]. The variations in the curvature of the
central helix observed in these different forms of CaM
may, in part, be a consequence of the crystal packing, or
due to the limited resolution of the structure refinements.
The inherent flexibility of the central helix becomes
apparent in NMR and small angle X-ray scattering studies
in solution. NMR data indicate that residues 78–81 adopt
a non-helical conformation with considerable flexibility
[17]. According to the small angle scattering data, if the
globular domains maintain similar conformations to those
observed in the crystal structures, they must be closer to
each other by several Ångströms and consequently the
conformation of the interconnecting helix would differ
from that observed in the crystal structures [18]. Finally, a
95° bend in the central helix has been reported in the
crystallographic analysis of a mutant Ca2+–CaM with a
single deletion of residue 84 [19].
More recently, NMR and X-ray diffraction analyses of
Ca2+–CaM, bound to the CaM target peptides from MLCK
and CaM-dependent protein kinase II (CaMKII), have
considerably advanced our understanding of the mecha-
nism of recognition [1–3]. In these complexes the central
helix unwinds and expands, enabling the calcium-binding
domains to wrap around the helical target peptides and to
come close to one another. The primary sequence of the
target peptides seems to dictate both the extent of
unwinding and expansion of the central helix, and the rela-
tive orientation of the globular domains in the complex [3].
VanBerkum et al. [20] have shown that modification of the
central helix length has intriguing consequences. Deletion
of two, five or eight residues in the center of this helix
causes a 15-fold to 260-fold decrease in the ability of
Ca2+–CaM to activate PDE. However, the deletion of
residues 78 to 80 results only in a threefold drop in activity.
When the ability of the two and three deletion mutants to
activate MLCK was tested, both mutants exhibited activi-
ties very similar to wild-type Ca2+–CaM. These data
suggest that both the length of the central helix and the
relative orientation of the two domains are important for
PDE activation. Assuming that the central region remains
helical in the mutant, removal of two residues would result
in the rotation of one of the globular domains by 200°, rela-
tive to its orientation in wild-type Ca2+–CaM. The removal
of three residues would place the same domains out of reg-
ister by only 60°. In other words, the deletion of two, five
or eight residues would cause a misalignment of the globu-
lar domains relative to the native CaM, whereas the dele-
tion of three or six residues would position the globular
domains close to the native orientation.
To further understand the effects of central helix muta-
tions, we have determined and analyzed the structure of a
mutant chicken Ca2+–CaM (mut-2), lacking residues
Thr79 and Asp80 in the central helix.
Results and discussion
Description of the structure
Native and mut-2 CaM both fold into two globular
domains (the N domain and the C domain) connected by
the long central a helix, which encompasses residues 65 to
92 (Fig. 1). Each globular domain contains two EF-hand
calcium-binding motifs, binding a total of four calcium
ions per CaM molecule. The mut-2 Ca2+–CaM is missing
residues Thr79 and Asp80 in the middle of the central
helix. The loss of about half of an a-helical turn results in
a major rearrangement in the relative positions of the N-
and C-terminal globular domains. The trans orientation of
the two domains seen in native Ca2+–CaM structures
[11–16] changes to a cis orientation in the mut-2 structure
(Fig.1). The deletion of two residues causes a significant
change in the size and shape of the molecule, although it
has no appreciable effect on the structural elements of the
protein when compared to those observed in the native
structure. Both globular domains still retain their helix-
loop-helix calcium-binding motifs. In each domain the
two EF-hand motifs are held together by a short b-sheet
structure involving residues Ile63–Ile27 of the N domain
and Val136–Ile100 of the C domain. The four calcium ions
have a monocapped trigonal prismatic coordination, where
six ligands are provided by atoms of both the mainchain
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and sidechain groups of the neighboring residues. For two
of the bound calciums an extra water molecule is found as
a seventh ligand (Table 1).
Overall, relative to the wild-type CaM structure, the
maximum dimension of the mut-2 CaM molecule shortens
by 4.1Å. The relative change in orientation of the globular
domains is about 220°, and the N- and C-terminal ends of
the polypeptide chain wrap around, and partially shield,
the central helix from the solvent. Altogether the mut-2
molecule appears more compact than native CaM (Fig. 1).
Effects of the two-residue deletion
There are two major consequences of the new positioning
of the globular domains in the mut-2 structure: a change in
the relative orientation of the hydrophobic patches at the
N and C domains (Fig. 2a), and a partial misalignment of
acidic clusters at the surface of CaM (Fig. 2b). 
In the native structures of mammalian, bovine, Drosophila
and Paramecium CaMs, the two hydrophobic patches lie
perpendicular to each other and oriented towards
opposite sides with respect to the central helix. In the
mut-2 structure the hydrophobic patches lie almost paral-
lel and facing each other on the same side of the central
helix. This new arrangement is likely to be the reason
why mut-2 CaM fails to activate some of its targets, such
as PDE. Although the exact mechanism for the activation
of PDE by CaM is unclear, mutagenesis data suggest that
recognition of PDE by CaM is drastically affected by
mutations which lead to a partial loss in helical turns
(deletions or insertions) [20]. In these instances, the
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Figure 1
A comparison of wild type and mutant CaM.
(a) Ribbon representation of Drosophila
melanogaster native CaM (left) and mut-2
CaM (right). The region lost in the central helix
deletion (residues 79–80) is colored in red
and the residues surrounding the mutation
(Asp 78 and Ser 81) are represented by their
Ca carbons in solid spheres; calcium ions are
shown as black spheres. (Figure prepared
using the program MOLSCRIPT [36].) 
(b) Helical wheel plots of the central helices
of Drosophila melanogaster native CaM (4cln)
and mut-2 CaM. Charged residues are shown
in red, hydroxylated residues are shown in
blue and nonpolar residues are shown in
green. (Plot prepared using the program
MolView [37].)
relative orientation of the globular domains differs from
that found in the native structure. Consequently, putative
specific binding sites as well as the hydrophobic patches
present in both globular domains may be partially or com-
pletely precluded, and their accessibility diminished.
These hydrophobic patches have been reported to be
important in the activation of PDE and gizzard MLCK
[9,10]. Therefore, we hypothesize that the position and
orientation of the hydrophobic patches in the native
structure is adequate for them to interact with hydropho-
bic regions in the target enzymes. When this position is
affected by reorientation of the globular domains in the
central helix mutants (e.g. mut-2, where the hydrophobic
patches lie closer to each other in a face-to-face arrange-
ment), recognition and subsequent activation of the
target are dramatically impeded. This would be particu-
larly disadvantageous in the case of large target enzymes,
like PDE, that could not slip between the two domains.
This is indeed the case for mut-2 CaM, in which its
ability to activate PDE is decreased by a factor of 15. Fur-
thermore, this class of mutants lose flexibility in the
central helix, thus preventing the globular domains from
coming apart or recovering their native orientation when
in contact with the target proteins.
Site-directed mutagenesis and charge distribution analysis
on different CaM mutants [7,8] have shown that two acidic
clusters (at residues 83, 84 and 87, and residues 118–120)
are important for MLCK and NAD kinase activation. Muta-
tions of acidic residues to lysine at these positions alter the
ability of CaM to activate these enzymes, but do not affect
PDE activation. In the mut-2 CaM both clusters are fully
accessible and exposed to the solvent (Fig. 2b), in an orien-
tation similar to that observed for the native CaM structure
and consistent with data describing the activation of MLCK
by mut-2 [20]. Interestingly, a third acidic cluster (Glu7 and
Glu11) is clearly noticeable at the N domain. In the native
structure, this third cluster is aligned with the other acid
clusters situated diagonally across the central helix. In the
CaM smooth muscle MLCK, CaM skeletal muscle MLCK
and CaM–CaMKII complexes, the residues Glu7 and
Glu11 are involved in hydrogen-bond interactions with
polar residues of the target peptide [1–3]. In the mut-2
structure this cluster moves to the opposite side of the
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Table 1
Calcium coordination at the four calcium-binding sites.
Site I Distance (Å) Site II Distance (Å) Site III Distance (Å) Site IV Distance (Å)
Asp20 Oδ1 2.12 Asp56 Oδ1 2.39 Asp93 Oδ1 2.29 Asp129 Oδ1 2.18
Asp22 Oδ1 2.73 Asp58 Oδ1 2.43 Asp95 Oδ2 2.49 Asp131 Oδ1 2.28
Asp24 Oδ1 2.50 Asn60 Oδ1 2.17 Asn97 Oδ1 1.93 Asp133 Oδ1 2.17
Thr26 O 2.07 Thr62 O 2.37 Phe99 O 2.14 Gln135 O 2.00
Glu31 Oε1 2.36 Glu67 Oε1 2.58 Glu104 Oε1 2.53 Glu140 Oε1 2.29
Glu31 Oε2 2.52 Glu67 Oε2 2.30 Glu104 Oε2 2.62 Glu140 Oε2 2.48
Water O 2.01 Water O 2.76
Figure 2
Position of hydrophobic patches and acidic
clusters in mut-2 CaM. (a) Space-filling
representation of the mut-2 CaM structure
showing the arrangement of the hydrophobic
patches (green) at the N and C domains. 
(b) Space-filling representation of the mut-2
CaM structure with the acidic clusters colored
in red; other atoms are shown in gray. Note
that the Glu7, Glu11 cluster is partially hidden
in the ‘back’ side of the central helix while the
other two clusters are exposed on the ‘front’
side of the central helix. (Figures prepared
using the program CHAIN [34].)
central helix and is clearly misaligned with respect to the
other two acidic clusters (Fig. 2b).
We hypothesize that the mode of CaM binding for PDE
differs from that observed previously in the structures of
CaM–target-peptide complexes. Most of the CaM binding
enzymes, like MLCK or CaMKII, have an amphipathic
helical motif (with two essential hydrophobic residues at
both ends of the helix, separated by 12 or 8 residues),
hydrophobic residues every fourth position, and posi-
tively charged clusters [1,21,22]. In contrast, the CaM-
binding domain proposed for PDE has a helical
amphiphilic motif but no hydrophobic residues exist at
the ends, the repeat of hydrophobic residues is broken by
polar residues at some positions, and there are no basic
clusters [23]. Furthermore, it has been hypothesized that
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Figure 3
Plot of the angle between the first and
successive steps in the central helix as a
function of the step number. The curve for the
mut-2 and the recombinant and wild-type
Paramecium structures (PDB codes 1osa
[15] and 1clm [16]), respectively shows a
monotonic rise; the mammalian (3cln) [12]
and Drosophila (4cln) [14] structures exhibit
very sharp discontinuities. Angles calculated
using PHEES [38].
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Figure 4
Plot of B values versus residue number for the
mut-2 structure. Solid lines and squares
correspond to the mainchain atoms; dashed
lines and circles correspond to the sidechain
atoms. The central helix region is marked with
a horizontal line, notice the lower B values as
compared with the rest of the molecule. The
average B value for the whole protein is 28 Å2.
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Figure 5
Stereo diagram of the 2Fo–Fc electron-density
map around the deletion in the central helix.
The map is contoured at 1.5s level above the
mean; a symmetry-related sidechain is shown
in green. (Figure prepared using the program
CHAIN [34].)
 D78
 S81
 E83
 I85
 A88
 D78
 S81
 E83
 I85
 A88
Table 2
Summary of the O(i)–N(i+4) distances and C=O(i)–N(i+4) angles in the central helix of mut-2.
Residue Residue O–N C = O–N φ (°) ψ (°) <Bi> (Å2)
(i) (i+4) distance (Å) angle (°)
Phe65 Leu69 2.79 170.7 –56.2 –51.0 11.18
Pro66 Thr70 2.93 158.4 –49.9 –51.1 11.38
Glu67 Met71 3.46 146.8 –62.5 –43.8 13.59
Phe68 Met72 2.97 154.4 –58.1 –51.0 16.40
Leu69 Ala73 2.83 156.1 –62.5 –46.5 19.42
Thr70 Arg74 3.23 148.6 –47.7 –50.6 22.77
Met71 Lys75 3.26 140.3 –67.1 –39.7 26.72
Met72 Met76 2.95 150.4 –70.9 –33.5 28.25
Ala73 Lys77 2.83 140.8 –74.9 –34.7 29.40
Arg74 Asp78 2.75 156.3 –62.9 –48.8 32.06
Lys75 Ser81 2.95 164.0 –56.3 –66.9 33.23
Met76 Glu82 3.01 159.1 –45.1 –36.0 32.46
Lys77 Glu83 3.41 140.0 –75.9 –37.3 30.83
Asp78 Glu84 3.10 150.7 –66.0 –39.4 29.95
Ser81 Ile85 3.06 157.4 –63.7 –46.6 28.43
Glu82 Arg86 2.95 143.6 –60.0 –32.0 27.91
Glu83 Glu87 2.90 154.1 –74.3 –40.3 24.47
Glu84 Ala88 2.96 134.6 –73.3 –28.3 26.54
Ile85 Phe89 3.02 143.5 –74.1 –33.7 24.34
Arg86 Arg90 3.24 146.8 –70.0 –44.6 20.32
Glu87 Val91 3.37 156.2 –67.6 –39.7 20.00
Ala88 Phe92 3.55 158.6 –59.9 –41.1 20.15
Mean 3.07 151.4 –63.6 –42.6 24.10
Standard deviation 0.22 8.6 8.7 8.5 6.6
more than one CaM-binding site may exist in the PDE
sequence. Consistent with this hypothesis, phosphoryla-
tion studies have determined that at least two major phos-
phorylation sites of PDE become buried upon binding of
PDE to CaM [24]. Both phosphorylation sites are located
far away from the proposed CaM-binding domain
sequence and could possibly interact with different
regions of CaM. It seems reasonable to think that the dis-
position of the hydrophobic regions in mut-2 would repre-
sent a serious challenge for complex formation with PDE.
Perhaps, buried residues in the mut-2 CaM are essential
for PDE recognition. This does not seem to be the case
for the MLCK peptides, the binding of which to mut-2 is
only slightly affected by the central helix deletion. Simi-
larly, the CaMKII target peptide is still able to form com-
plexes with mut-2 and mut-3 (a three residue deletion) by
adjusting the uncoiling of the central helix [1–4]. 
The central helix
The central helix in the mut-2 structure appears much
straighter (curvature radius of 115.6°) than that reported
for other CaM structures (curvature radius 68–86° [20]).
No bending is seen in mut-2, as proposed by Persechini et
al. [25] for the deletion mutants of the central helix.
Angles between calculated local helix axes in successive
steps vary monotonically, which indicates a fairly straight
conformation for the mut-2 helix (Fig. 3). The B values for
the central helix residues are comparable, or even lower,
than those of the N and C domain residues (Fig. 4). This
may result from the fact that the central helix in the mut-2
structure is partially buried from the bulk solvent by inter-
actions with symmetry-related molecules in the crystal
lattice and with sidechain groups from the N- and C-ter-
minal helices. The stereochemistry for the residues of the
central helix is quite consistent with a standard a helix,
with average torsion angle values of φ =–63.6° and
ψ=– 42.6°. The electron-density maps are well defined
around the mutation, as shown in Figure 5. The hydrogen-
bonding pattern characteristic of a helices is conserved
throughout the central helix, with only deviations at
residues 67 and 77, where additional hydrogen-bond inter-
actions with water molecules are observed. Table 2 lists
residue parameters and interactions.
Another interesting feature of this structure is the helix
capping observed at both ends of the central helix. At the
N-terminal end of the helix, one carboxyl oxygen from
Asp64 forms a hydrogen bond with the NH group from
Glu67, and the carboxyl oxygen from Glu67 forms a
hydrogen bond with the NH group from Asp64. In this
way the first turn of the helix is closed down. At the C-ter-
minal end, the sidechain of Lys94 is extended so that Nz
forms a hydrogen bond with the C=O group from Val91.
Helix capping has been described for many helical pro-
teins and is believed to be a stabilizing factor, particularly
in long helices [26,27]. Some of the capping interactions
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Figure 6
Crystal packing contacts. (a) Packing diagram
showing the neighboring molecules related by
translation along the a axis ([100] in green,
[–100] in blue). (b) Orthogonal view, along
the axis of the central helix. The angle
between the helices at each layer is
approximately 60°. (Figure prepared using
MOLSCRIPT [36].)
are present in the high-resolution structures of native
CaMs. In addition to the capping interactions, the central
helix is stabilized through interactions to water molecules:
the carbonyl oxygens from Asp93 and Arg90 are bridged
through a water molecule and carbonyl groups from
residues 87 and 90 are connected through a bridge of three
water molecules. A total of 13 water molecules interact
with the residues of the central helix.
The shorter central helix in mut-2 CaM seems to be more
rigid than the full length helices in native mammalian and
Drosophila CaMs. It is possible that this rigidity arises from
the deletion of the two residues, which shortens the helix
to a more stable length, and is reinforced by the capping
interactions at both ends of the helix.
Hydration and crystal packing
A total of 113 water molecules were included in the final
model upon completion of the refinement. Of these, 64
water molecules belong to the first shell of hydration
(<3.5Å distance from protein atoms) and participate in
direct hydrogen bonds with atoms of CaM, as discussed
above. The second shell of hydration (3.5 –4.0Å) contains
17 water molecules. Some of the water molecules that inter-
act directly with the protein are involved in bridging inter-
actions with other water molecules and in some instances
form arrangements reminiscent of pentagonal structures. 
The crystal packing in the orthorhombic cell of the mut-2
structure is clearly different from that of the triclinic cell of
all previous CaM structures. In the triclinic cells, the mole-
cules are arranged in such a way that the globular domains
participate in several interactions but the central helix
remains free to interact with the solvent. This packing
mode may be related to the observation that the central
helix exhibits some degree of curvature and significantly
higher temperature factors than the rest of the molecule.
In the orthorhombic cell, the central helix is packed
between the helices at the N- and C-terminal ends of the
same molecule, and the helix at the N-terminal end of the
crystallographically-related [100] -translated molecule. On
the other side, the helix at the N terminus packs against the
central helix of the crystallographically-related [–100]-trans-
lated molecule (Fig. 6). Neighboring helices form an angle
of approximately 60°. The hydrophobic side of the central
helix faces the hydrophobic sides of the terminal helices,
whereas the hydrophilic side of the central helix faces the
hydrophilic side of the [100] -translated terminal helix. This
arrangement extends all along the crystal lattice repeating
the hydrophobic–hydrophobic/hydrophilic–hydrophilic
alternation. Thus, the central helix is surrounded by three
other closely packed helices and is somewhat confined
between them. As a result, it is less accessible to the bulk
solvent (in fact, only five residues are partially accessible
to the solvent) and this may explain the lower temperature
factors in this region (Fig. 4). Possible bending of the
central helix might be caused by the tight packing of the
helix in the crystal lattice. Although artificial distortions
are often thought to arise from crystal packing interac-
tions, they are also a reflection of the aggregation state
that induces molecules to initiate crystallization. All of the
CaM structures reported so far have been crystallized
under the same conditions, which resulted in isomorphous
triclinic cell lattices. The mut-2 CaM, crystallized under
similar conditions, is surprisingly the only one that
produced an orthorhombic crystal lattice form.
Biological implications
Calmodulin (CaM) is a calcium-binding protein involved
in most intracellular calcium-dependent pathways.
Under conditions of high cellular calcium concentration,
CaM as the primary signal transducer is known to acti-
vate a large number of enzymes and proteins. Its pecu-
liar structure, formed by two globular domains linked by
a long a helix, has invited speculation as to how (CaM)
recognizes and activates so many different target pro-
teins. Numerous studies have been reported in an
attempt to elucidate the binding mechanism.
Upon calcium binding, CaM undergoes conformational
changes that result in the exposure of hydrophobic
patches in both globular domains. These hydrophobic
patches are important for the ability of CaM to bind to
some enzymes, like cyclic GMP phosphodiesterase
(PDE) and gizzard myosin light chain kinase (MLCK).
It is also known that some acidic clusters on the CaM
surface are essential for the activation of MLCK and
NAD kinase II. The long central helix (28 residues in
native CaM) acts as a flexible tether between the globu-
lar domains and appears to be important in binding and
activity. Both coiled and partially uncoiled conforma-
tions have been report for CaM–target-peptide com-
plexes. Numerous mutagenesis data, involving deletions
or insertions in the central helix, have indicated that
changes in the relative orientation of the globular
domains can have dramatic effects on the ability of CaM
to activate target proteins. 
The CaM mutant mut-2, lacking two residues in the
central helix, is an example of a mutant for which the
activation constant for PDE drops (about 15-fold), while
it’s ability to activate MLCK is only slighted affected.
The crystal structure of mut-2 demonstrates that all the
secondary structure elements have been retained, but
the globular domains adopt a new cis orientation, as
opposed to the trans orientation observed in the native
structure. In this cis orientation, the hydrophobic
patches are closer, lying almost parallel to each other
and are much less accessible to the target. We propose
that this change in the relative orientation of the globu-
lar domains, with subsequent rearrangement of the
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hydrophobic patches, is the main reason why the activa-
tion of PDE by this mutant decreases substantially. 
Materials and methods
Crystallization and data collection
The recombinant chicken CaM mutant with the two-residue deletion
(79–80) was obtained and purified as described previously [20]. X-ray
quality crystals were grown, using the hanging-drop vapor diffusion
method, from a solution containing 11.7 mg ml–1 of protein, 28–33%
2-methyl-2,4-pentanediol, 15% ethanol, 5 mM calcium chloride,
20 mM sodium acetate (pH 4.25). The crystal lattice has the symmetry
of the orthorhombic space group P212121 with unit cell dimensions:
a = 27.09 Å, b = 55.51 Å, c = 100.89 Å. There is one CaM molecule
per asymmetric unit (Vm = 2.32 Å3 Da–1). The crystals diffracted to
1.8 Å resolution.
Crystals, of approximately 0.4 mm on edge, were mounted in thin wall
glass capillary tubes. X-ray intensities were measured on an ADSC
multiwire area detector with a Rigaku RU-200 rotating-anode source,
using CuKa radiation. A total of 27 799 reflections were collected on a
single crystal and processed using the program ROCKS [28]. The final
data set contained 11 209 unique reflections at 1.8 Å resolution with an
Rmerge = 5.01% for I > 2s (I).
Structure determination and refinement
The structure was solved using the molecular replacement method with
the package MERLOT [29]. The Drosophila CaM structure, with the
calcium ions omitted, was used as an initial model in the search. As a
first attempt a model was generated where the two residues in the
central helix (79–80) were deleted and residues 78 and 81 were
joined, conserving the a-helical conformation. This model did not
produce a significant peak in the rotation function search. Alternatively,
each of the globular domains were used separately in the rotation
search to find their orientation in the crystal lattice. Finally, the two
domains were relinked and used in the translation search that gave a
final solution with an Rvalue = 49%.
The molecular replacement solution was then subjected to rigid-body
refinement using X-PLOR [30]. The 2(Fo–Fc) maps, after rigid-body
refinement, clearly showed residual electron density in the four calcium-
binding sites that was assigned to the four calcium ions. The model was
then refined with simulated-annealing protocols with data in the range
10–2.0Å resolution, and the Rvalue dropped to 26%. At this point the
electron density around the mutated residues was ill-defined and dis-
continuous, indicating possible disruption of the local helical geometry
due to the mutation. A simulated-annealing refinement was performed
with all the atomic positions fixed except for the 72–82 segment. Elec-
tron-density maps were calculated omitting the 72–82 segment from
the structure-factor calculation. The maps displayed a continuous elec-
tron-density contour around residues 78–81, consistent with an
a-helical conformation for the model in the mutation junction. Further
positional and individual isotropic B-factor refinement, using the Engh
and Huber parameter set [31], was extended to 1.8Å. At the later
stages of refinement a total of nine residues at both ends were badly
defined in the electron-density maps and alternative conformations did
not improve either the refinement or the quality of the maps. The
program ARP [32] was used as an alternative way of improving the
phases at both ends. After 40 cycles of ARP combined with PROLSQ
refinement [33], the 3Fo–2Fc maps began to show the missing residues
that could be retraced and included in the final structure.
Water molecules were placed in the 2.5s peaks of the 2(Fo–Fc) maps
using the graphics program CHAIN [34]. Upon refinement those water
molecules with B factor values higher than 60 Å2, or those involved in
undesirable contact interactions with atoms of the protein structure,
were removed.
The final R factor is 21.1% for 9845 reflections from 8–1.8 Å resolu-
tion. The model has good stereochemistry with no residues outside the
allowed regions in the Ramachandran plot and a root mean square
deviation for the bond distances of 0.015 Å and for the bond angles of
1.8°. The mean B value for the mainchain atoms is 28.92 Å2 and for the
sidechain atoms is 30.99 Å2. 
Accession numbers
The atomic coordinates have been deposited in the Protein Data Bank
[35] with accession code 1ahr.
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